
P e 

N A S A  TECHNICAL NOTE 

L 

N A S A  .TJ 0-4194 r 

EFFECTS OF DIELECTRIC COVERS 
OVER CROSS SLOTS IN A 
RECTANGULAR WAVEGUIDE 

by Marion C, Bailey 
Langley Research Center 

1 

Ldngley Station, Hampton, 'Vd, 7 .  

N A T I O N A L  AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C.  OCTOBER 1967 
;. j4 

1 



TECH LIBRARY KAFB. NM 

0130865-- 
NASA TN D-4194 

EFFECTS OF DIELECTRIC COVERS OVER CROSS SLOTS 

IN A RECTANGULAR WAVEGUIDE 

By Marion C. Bailey 

Langley Research Center 
Langley Station, Hampton, Va. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - CFSTI price $3.00 



4 
B 

EFFECTS OF DIELECTRIC COVERS OVER CROSS SLOTS 

IN A RECTANGULAR WAVEGUIDE* 

By Marion C. Bailey 
Langley Research Center 

SUMMARY 

The purpose of this study was to determine the effects of dielectric covers upon 
the radiating characteristics of a cross  slot in a waveguide. The slot lengths were 
chosen so  that the data cover the waveguide bandwidth for dielectric constants from 1 to 
4. Slot locations were  chosen so that the far-field radiation patterns would be circu- 
larly polarized near resonance. The formulations for the general inclined slot in a 
waveguide coupled to free space are extended to include slots radiating into an external 
medium of any dielectric constant. It is also shown that plane wave theory gives a bound 
on the variation of power radiated for dielectric covers thicker than one-fourth wave- 
length. In addition to providing a simple method for obtaining circular polarization with 
an ablative material, this study of cross  slots gives a better insight into the effects of 
dielectrics over the general inclined slot in the broad wall of a rectangular waveguide. 

INTRODUCTION 

The use of thick layers of dielectric ablative material covering the external surface 
of a space vehicle has been found to be an effective method of protecting the internal 
instrumentation from excessive heat during reentry into the earth's atmosphere at hyper- 
sonic velocities. The arraying of dielectric-covered slots in a waveguide for use as a 
practical reentry spacecraft antenna has been proposed by Croswell and Higgins (ref. 1) 
because of the inappreciable disruption in the aerodynamic streamlining of the spacecraft 
surface and the design flexibility of waveguide slots (ref. 2) ranging from quasi- - 
omnidirectional (ref. 3) to narrow beamwidth and high gain - (ref. 1). Croswell and Higgins ___ 

investigated the effect of dielectric covers over linearly __ polarized shunt slots in wave- 
guides; however, yery frequently it is advantageous to be able to radiate a c i r c u l 9  
polarized wave so that a communication link may be maintained with a linearly polari=d 
gr_ound-based antenna irrespective of the r e e n 9  angle of attack of the space v e h e .  

The material contained in this report was  also submitted as a thesis in partial 
fulfillment of the requirements for the degree Master of Electrical Engineering, Univer- 
sity of Virginia, Charlottesville, Virginia, August 1966. 

- - ~- -~ - ~- ~~ ~ * 



Past interest in cross  slots has been generally restricted to those radiating into 
free space (see, for example, refs: 4 and 5); however, severe changes occur in the 
characteristics with the addition of a dielectric cover over slots designed for free-space 
conditions. Because of these changes and the loss of ablation material due to heat pro- 
tection requirements, an extensive knowledge of the slot characteristics as a function of 
the thickness and dielectric constant is required for the design of dielectric-covered 
cross slots for use as reentry antennas. An exact theoretical solution to this problem 
would require a detailed knowledge of the local reactive slot fields with and without the 
presence of a dielectric. 
approach was used and approximate theories were developed from analysis of measured 
results. 

Since these fields are not well-defined, the experimental 

SYMBOLS 

inside broad dimension of waveguide 

inside narrow dimension of waveguide 

amplitude of incident traveling wave 

voltage across slot 

frequency 

mean resonant frequency 

aver age resonant frequency 

wave scattering coefficient for general slot in waveguide 

vector magnetic field 

arbitrary constant 

component of magnetic 

component of magnetic 

vector current density 

field in x-direction 

field in z -direction 
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a complex quantity which relates modal fields to slot voltage by matching 
boundary conditions 

length of slot 

unit vector normal to surface of waveguide 

power radiated by slot 

power incident upon slot from generator 

voltage reflection coefficient for single interface 

thickness of dielectric cover 

dominant mode in rectangular waveguide 

amplitude of voltage at center of slot 

width of slot 

distance along X and Z axes, respectively 

slot displacement measured from inside wall of waveguide to slot center 

y =a 
n2bkkg 

E relative dielectric constant 

equivalent relative dielectric constant eq 
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l l l l l l  I 

EO permittivity of f ree  space 

c complex quantity given by equation (13) 

rl intrinsic impedance 

rl0 . intrinsic impedance of free space 

e angle between slot and Z-axis 

A 0  free-space wavelength 

xg = A 0  

A€ wavelength in dielectric at mean resonant frequency 

A: wavelength in dielectric at average resonant frequency 

I.1 relative permeability 

110 permeability of free space 

X direction along slot, - 
sin 0 

voltage reflection coefficient for plane sheet 
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P 

power reflection coefficient for plane sheet lp12 

G angle between normal to ground plane and far-field observation point 

* = -  an t  E 
A 0  

EXPERIMENT 

Circular polarization may be obtained from a pair of narrow slots crossed at 
right angles and located at the proper point in the broad wall of a rectangular waveguide. 
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This fact can be explained by considering the transverse and longitudinal magnetic fields 
of the dominant mode (TE10) in a rectangular waveguide (ref. 4). 

Hx = H o / m s i n ( 2 )  

HZ = -jHo - cos - (2) (lis:) 
Two values of x can be found for which the magnitudes of the transverse and 

longitudinal magnetic fields a re  equal. These points a r e  given by 

At points on the interior broad wall of the waveguide for which equation (3) holds, 
the transverse and longitudinal components of the magnetic field vector are equal in 
magnitude and in phase quadrature. Since the excitation voltage of a slot in a waveguide 
is produced by the displacement current across the slot, it follows from the boundary 
condition for the vector-current distribution 5 = ii X H that the excitation voltage at the 
center of the two narrow slots crossed at right angles would be circularly polarized at 
these points and radiate a circularly polarized wave, right-hand circular from one side 
of the waveguide center line and left-hand circular from the other, for the same direction 
of wave propagation inside the guide. 

It was desirable for  the cross slots to radiate a near circularly polarized wave at 
resonance. In order for the center of the cross slots to be placed at the points in the 
waveguide wall where the vector-current distribution is circularly polarized (eq. (3)), it 
would be necessary to  know the resonant frequency of the dielectric-covered cross slots. 
An extensive study has been made of the change in the resonant length of a shunt slot in a 
waveguide as a function of the dielectric constant of the slot cover (ref. 1). For the pur- 
poses of this experiment, the resonant frequency of a cross  slot designed to be near cir- 
cularly polarized with no cover (ref. 4) was measured and the resonant length ratio 
determined. It was then assumed that the decrease in the resonant length of the cross 
slot for increasing E, because of additional capacitance added to the antenna (ref. 6), 
would vary in the same manner as that of the shunt slot (ref. 1). This assumption is 
shown in figure 1 as a vertical shift in the shunt slot curve. 

The experimental slots were fabricated by a process in which electrode burning is 
used as a means of removing the metal in the waveguide wall. The size and shape of the 
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electrode determines the size and shape of the slot. 
for burning cross  slots in waveguides. 
crossed at right angles in the broad wall of an RG 52/U waveguide constitute the samples 
used in this experiment. All dimensional tolerances were held at *0.003 inch (0.0076 cm). 

Figure 2 shows a typical electrode 
Round-end slots 0.062 inch (0.158 cm) wide 

By using this design criterion, 12 slots were fabricated to be nearly circularly 
polarized at resonance with the appropriate dielectric cover. Different slot lengths were 
chosen to cover the waveguide bandwidth as shown in table I. 

Figure 3 shows the geometry of the slot samples used in this study at X-band fre- 
quencies, and figure 4 shows a typical sample. The orientation of the crossed-slot pair 
is arbitrary, but they have been cut at *45O to the Z-axis to permit longer slots to be cut 
without running over the side wall o r  waveguide center line. 

The power radiated by the slot was measured as the insertion loss produced in the 
waveguide by the slot. The waveguide was terminated in a thermistor (voltage standing- 
wave ratio (VSWR) of 1.02) and a power meter was used to measure the power absorbed 
by the thermistor. The insertion loss due to the slot was determined by comparing these 
power measurements with and without the slot in the circuit. This method was permissi- 
ble because of the reflectionless character of the c ross  slot (ref. 4). The measured 
VSWR was less than 1.1 for all slots considered with dielectric covers. 

The four dielectric materials given in table I1 were investigated. Measurements 
were made at several discrete thicknesses to simulate the loss of material due to abla- 
tion. An attempt was made to cover the dielectric-constant range which includes many 
of the natural dielectrics. 

EXPERIMENTAL RESULTS 

The measured data for slots with no dielectric cover are presented in figure 5. 
Each curve represents the percent of the available power in the guide which is coupled 
out by the slot as a function of frequency. The resonant frequency of the slot is defined 
as the frequency at which maximum power is radiated by the slot, which usually occurs 
near a half -wavelength for free-space conditions. 
0.45-inch slots were somewhat inhibited by the excitation of a higher order mode in the 
waveguide whose cutoff frequency is 13.1 Gc/sec (1 Gc/sec = 1 GHz), as shown in 
figure 5(d); however, the resonant frequency of the slot can be established as being near 
13.0 Gc/sec which is slightly below cutoff for the higher order mode. 

Figure 6 shows a plot of the resonant length ratio Z/ho as a function of the ratio 
of free-space wavelength to guide wavelength Xo/Xg. Note the slight variation in reso- 
nant length ratio with slot displacement and also the change in resonant length with 
X 

The free-space measurements for  the 

X . As will be shown later, these variations are secondary to the changes in resonant 
01 g 
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TABLE I. - TEST SAMPLES 

Slot 
displacement, x1 

Slot 
length, 1 

circular 
polarization 
frequency, 

Gc/sec 

9.28 
9.18 
10.78 
12.02 
8.90 
10.06 
11.13 
9.22 
10.11 
11.30 
9.11 
10.11 

Free-space 
resonant 

frequency, 
Gc/sec 

9.87 
10.98 
11.95 
12.95 
10.87 
11.90 
13.05 
10.92 
11.90 
13.00 
11.85 
13.02 

Percent 
power 

radiated 
Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

__ 
cm 

1.555 
1.391 
1.210 
1.143 
1.391 
1.270 
1.143 
1.397 
1.210 
1.143 
1.270 
1.143 

cm 

0.572 
.536 
.418 
.422 
.602 
.518 
.460 
.577 
.516 
.452 
.584 
.516 

in. 

0.225 
.211 
.188 
.166 
.231 
204 
.181 
2 2 1  
203 
.118 
230 
.203 

~ 

in. 

0.6124 
.55 
.50 
.45 
.55 
.50 
.45 
.55 
.50 
.45 
.50 
.45 

75.6 
63.1 
53.5 
37.6 
66.1 
55.5 
40.5 
64.8 
55.5 
40.5 
56.9 
46.0 

TABLE II.- INDEX TO EXPERIMENTAL DIELECTRIC-COVERED CROSS-SLOT DATA 

Dielectric 
constant 

Nf cover, E 

2.0 

2.51 

2.82 

3.16 

Loss 
tangenl 

0.0002 

0.0045 

0.0115 

0.0020 

;lot displacement, XI Slot length, 1 Cover thickness, t 
~ 

cm 

0.512 
.536 
.418 
.422 

0.602 
.518 
.460 

0.517 
.516 
.452 

0.584 
.516 

~ 

cm 

1.555 
1.397 
1.270 
1.143 

1.397 
1.210 
1.143 

1.397 
1.270 
1.143 

1.270 
1.143 

Frequency range, 
Gc/sec 

8.8 to 10.4 
10.0 to 11.6 
11.0 to 12.4 

in. 

0.225 
211 
.188 
.166 

0.237 
204 
.181 

0.227 
203 
.118 

0.230 
203 

in. 

0.6124 
.55 
.50 
.45 

0.55 
.50 
.45 

0.55 
.50 
.45 

0.50 
.45 

in. 

0.062 to 0.840 
~~ 

0.102 to 1.015 

0.122 to 0.992 

0.125 to 0.882 

cm 

0.158 to 2.134 

~ 

0.259 to 2.518 

~~ 

0.310 to 2.520 

8.2 to 9.8 
9.2 to 10.8 

8.0 to 9.6 
8.8 to 10.4 

10.0 to 11.6 

0.318 to 2.240 8.2 to 9.8 
9.0 to 10.6 

length due to the dielectric cover; therefore, in order to simplify the analysis, an average 
resonant frequency which eliminates the effects of guide wavelength and slot displacement 
is defined. It is suspected that for a constant ratio of slot length to slot width I/w this 
variation in the resonant length Z/Xo with Xo/Xg could be reduced; however, thfs effect 
is negligible except for very small I / w  where the slot begins to look more like a round 
hole. 

Figure 7 is a plot of the percent power coupled out of the waveguide at the slot 
free-space resonant frequency as a function of Xo/Xg. There is a slight change in radi- 
ated power due to the slot displacement since the amplitude of the waveguide modal fields 
which excite the slot varies across the guide. The major change, however, as indicated 
by the faired curve in figure 7, depends upon the length of the slot. This decrease in 
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radiated power with increase in resonant frequency, or increase in Ao/Ag, is expected 
since the length of the slot, or the size of the aperture, is becoming smaller at resonance. 
Note that for the trivial case as Ao/Ag approaches unity o r  as the resonant frequency 
approaches infinity, the slot disappears and no power would be coupled out of the 
waveguide. 

The measured data for the dielectric-covered cross  slots a r e  presented in fig- 
ures  8 to 11 where the dielectric constant E is the main differentiating parameter. The 
data are presented in the form of a series of curves for each slot length and dielectric 
constant. Each series of curves consists of a plot of the percent of the power coupled 
out of the waveguide by the slot as a function of frequency for various dielectric cover 
thicknesses. An index to these data is given in table II. Note that the slots still main- 
tain a resonant behavior when covered by a dielectric layer; however, the resonance 
curves a r e  more broadened, especially for the shorter slot ‘lengths and larger dielectric 
constants, because of the added capacitance. 

ANALYSIS OF RESULTS 

Change in Resonant Length 

A study of the measured data reveals that the addition of a dielectric cover over a 
c ross  slot causes a significant change in the resonant frequency (the frequency at peak 
radiated power). It was also noted from figures 8 to 11 that the resonant frequency 
depends upon the thickness of the dielectric cover. This variation in resonant frequency 
as a function of the cover thickness is presented in figure 12. The resonant frequency 
decreases very rapidly with the addition of a dielectric cover up to a thickness of approx- 
imately 0.2AE. 
t = 0.5AE for thicknesses greater than 0 .2k .  

The resonant frequency has a sinusoidal variation with a period of 

In order to analyze the effect of the dielectric cover upon the radiation character- 
istics of the cross  slots, it was necessary to define an average resonant frequency fr 
which is only a function of the slot length and the dielectric constant. This was  accom- 
plished by determining the mean resonant frequency f m  for each slot sample from the 
curves of figure 12 in the region where the resonant frequency was periodic as a function 
of dielectric thickness. Then, by using this mean resonant frequency fm and the slot 
length 1 ,  a value of resonant length ratio l / A o  was calculated for each slot sample. 
All values of I / A o  related to a particular dielectric constant were averaged to eliminate 
the secondary effects of guide wavelength and slot displacements from the data. 

As an example of the averaging process, consider the case of E = 2.0. The mean 
resonant frequencies fm for slot lengths 1 of 0.6124, 0.55, 0.50, and 0.45 inch were 
determined from the curves of figure 12 as the frequencies about which the curves oscil- 
lated for thicknesses greater than about 0.2A,. These frequencies were 8.64, 9.67, 10.52, 

2 
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and 11.78 Gc/sec corresponding to resonant lengths ,?/Ao of 0.448, 0.450, 0.445, and 
0.449. The numerical average of 0.448 was then defined as the average resonant length 
for E = 2.0 and the frequency which would give an 2 / A o  of 0.448 was defined as the 
average resonant frequency fr. 

With this process, an average 1/Xo was obtained for each dielectric constant; 
then, the plot shown in figure 13 was constructed. The maximum deviations of the meas- 
ured resonant frequencies of figure 12 from the average l /Ao for dielectric thicknesses 
greater than 0.2Xe are indicated by the vertical lines in figure 13. With a knowledge of 
the dielectric constant E and the slot length 1 ,  an average resonant frequency fr can 
be determined from the plot shown in figure 13. The vertical dashed lines in figures 8 
to 11 indicate the appropriate defined average resonant frequency fr. 

A first attempt at approximating the change in resonant length with the addition of 
a dielectric cover might be to assume that the space surrounding the slot is completely 
filled with a material of dielectric constant E .  Then the resonant length would be given 
by 

where ( Z / X O ) ~  is the resonant length with no cover and l / X o  is the resonant length 
with a dielectric cover. However, as shown in figure 14, equation (4) predicts too short 
a resonant length; thus, the slot can be considered equivalently filled with a dielectric 
constant less  than E .  Then the resonant length as a function of the dielectric constant of 
the cover would be 

where eeq would be determined from the empirical curve of figure 14. 

Power Radiated as a Function of Cover Thickness 

One characteristic of primary interest is the variation in power radiated a s  a 
function of cover thickness. By using the definition of average resonant frequency fr 
values were obtained from the measured data curves of figures 8 to 11 and presented in 
figures 15 to 18 as percent power radiated by the slot as a function of the dielectric 
thickness in wavelengths t&. It was  noted that these curves became sinusoidal with a 
period of t = 0.5hl for thicknesses greater than 0.2ht.  This condition suggested that 
the local slot fields probably extend only into very thin layers of dielectric material and 
plane wave theory may be applicable for dielectric covers thickeg than about 0.2X;. 

.~- 

The 
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power reflection coefficient for a plane wave normally incident upon a plane lossless 
dielectric sheet is given in reference 7 (p. 32-5) by 

where 

and 

The power reflection coefficient alternates through maxima and minima as a func- 
tion of thickness or  frequency. Maximum reflection occurs at odd multiples of the 
quarter -wavelength thickness. These extreme values a re  given by 

In order to relate equations (7) and (8) to the curves in figures 15 to 18, it was  
assumed that the point t = 0.6A; 
to the case of no reflections as given by equation (7). 
tions as predicted by equation (8), the amount of power coupled out of the slot at 
t = 0.6Xl is reduced by The horizontal dashed lines in figures 15  to 18 a re  the 
bounds on the variation of power radiated by the slot as a function of dielectric thickness. 
These bounds appear to give a useful prediction of power variations for dielectric thick- 
nesses greater than about 0.2X;. It must be remembered, however, that the upper bound 
was chosen as the maximum measured value at t 0.6Xk. 

(where maximum power radiated occurs) corresponds 
For the case of maximum reflec- 

(pImax. 

SLOTS RADIATING INTO SEMI-INFINITE MEDIUM 

Stevenson (ref. 8) and Watson (ref. 9) have solved the problem of the general 
inclined-displaced slot radiating into free space by treating the slot as an obstacle in the 
waveguide and relating the scattered waves in the waveguide to an assumed voltage across 
the slot. The purpose of this section is to show that this free-space theory can be 
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extended to slots radiating into a semi-infinite medium which is different from that inside 
the waveguide. The special case of the cross  slot is used for a comparison with experi- 
mental data, but the extension of the theory is applicable to the general inclined-displaced 
slot in the rectangular waveguide. 

Extension of Free-Space Theory 

If a wave of complex amplitude A inside the waveguide is incident upon the slot 
from the left, there will be waves scattered to the right and left inside the waveguide of 
amplitudes -gA and g' A, respectively. These wave scattering coefficients, g and 
g', are given by Watson (ref. 9) as 

1 g = - -  Y lrI2 
K 

2 
g -- t - Y r  

K 

where * 

and, as usual, k = 2n/X0 and kg = 27r/Xg. 

slot to the amplitude of the modal fields in the waveguide. If the voltage across the slot 
is assumed to be of the form 

The complex quantities 5 and K relate the amplitude of the assumed field in the 

e(5) = V cos k5 (1 0 )  

where 5 denotes the direction along the slot, by reference 9 (eq. 66.1) 

V = g  
A K  

in the notation of this  paper. 

In the process of matching boundary conditions at the slot, Stevenson (ref. 8) and 
Watson (ref. 9) found that for a half-wavelength slot, the quantity C is given by 

5 = SA"/" f(l)cos k{ d5 
/4 

The author feels that there is a misprint in Watson's expression for this param- * 
eter which has been confirmed by Maxum (ref. 2). 
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where a is the [-component, along the slot, of the tangential magnetic field due to 

the incident TElO traveling wave of amplitude A. %or the slot in the broad wall of the 
I-10 

rectangular waveguide 

where 

cos@) + cos(, g) 
I(e) = 

1 -p2  1 - 9 2  

cos&) cos(, g) 
J(0) = 

1 - p 2  1 - 9 2  

p = % c o s  e - & s i n  e 

k 
k ka q = x c o s  e +"sin o 

where 8 is the inclination of the slot with respect to the Z-axis and x1 is the displace- 
ment of the slot center from the inside wall of the waveguide. 

The complete calculation of K is a complicated matter which involves a doubly 
infinite series; however, for resonant slots, K is usually assumed to be real (ref. 9). 
The real  part of K can be determined very easily by consideration of the following equa- 
tion of energy taken from Watson (ref. 9) for an incident wave of unit amplitude 

where N and No a r e  normalizing factors which depend upon the system of units 
employed. The factor N also depends upon the field vector, and Watson defines his 
magnetic Hertz-vector such that in MKS units 

N = 4E = 4(120n) (15) 
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and 
V 0 2  

NO =- 

where qo is the intrinsic impedance of free space. 

The last te rm on the right-hand side of equation (14) corresponds to the radiation 
from a thin half-wavelength slot in an infinite conducting plane with an excitation voltage 
of amplitude V at its center. If it is assumed that the slot voltage still maintains a . 

cosine distribution at resonance with the external medium, the intrinsic impedance of 
free space in equation (16) can be replaced by the intrinsic impedance of the medium 
outside the waveguide 

where y and E are the relative permeability and permittivity of the semi-infinite 
medium outside. If 1.1 and E are assumed to be real, equation (14) can now be written 
in a somewhat more general form 

where Re(g) means the real  part  of g. 

Solving for Re(g) from equation (18) and using equations (9), (ll), (15), and (16) 
yields 

Re(g) = - 

Also from equation (9) 

Therefore, equating the right-hand sides of equations (19) and (20) and using the fact that 

yields explicitly 

2 E (73) Re(K) = -ylll - - 60sy (22) 
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Since it was assumed that K is real when the slot is resonant, by substituting 
Re(K) for K in equation (9), g is given by 

1 
g =  (23) 

Equation (23) still holds for resonant slots radiating into the semi-infinite medium defined 
by p and E whether the slot is located in the broad or the narrow face of the wave- 
guide; however, for the slot in the narrow face < is given by a different expression, 
which can be obtained by integration of the field over the slot as indicated in equation (12). 

An expression similar to equation (23) could also be obtained for g' , but for the 
special case of the cross slot according to Simmons (ref. 4), the backward scattered 
waves from the two legs at &45O, treated separately, are equal in magnitude but opposite 
in phase, and thereby cancel each other. This reflectionless property was also observed 
for cross  slots covered with a dielectric sheet. Because of this reflectionless property 
of the cross  slot, the relative power radiated 
calculated as 

- = 1 -  P O  11 
Pi 

where Po is the power radiated by the slot, 

by the c ross  slot at resonance is easily 

- %I2 (24) 

Pi is the power from the generator prop- 
agated down the waveguide, and g is the scattering due to one leg of the cross  slot and 
is given in equation (23). 

Comparison With Measurements On Cross  Slots 

Under Finite Dielectric Slabs 

Equation (24) is plotted in figure 19 along with the measured values of maximum 
radiated power from figures 15 to 18 at a dielectric thickness of t = 0.6Xl for compar- 
ison. The values of g for each experimental slot were calculated from equation (23) 

at the defined average resonant frequency fr. For these calculations it was assumed 
that the relative permeability p was unity and the relative permittivity or dielectric 
constant E was purely real. For the materials used in this experiment, these assump- 
tions are very good. 

Notice from figure 19 that the measured values of relative power radiated for 
dielectric constants greater than unity at a thickness of t = 0.6Xk are about 1 dB lower 
than that predicted by equation (24). There is good agreement between theory and mea- 
surement for the slots with no dielectric cover (E = 1.0); therefore, one might suspect 
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that the internal fields of the waveguide are further disturbed by the dielectric sheet over 
the slot. In addition, because of the broad beamwidth of the slot element pattern, a con- 
siderable amount of energy could be trapped in the dielectric material, and thereby intro- 
duce surface waves propagating along the sheet. These waves are partially reflected 
from the edges of the finite width sheet and coupled back into the waveguide; thus, the 
measured power radiated by the slot is reduced. Evidence of the existence of these sur-  
face waves can be observed in the far-field radiation patterns. 

RADIATION PATTERNS 

The far-field radiation pattern for a typical cross  slot with no dielectric sheet 
is shown in figure 20 and the radiation patterns for the same slot with various dielec- 
tr ic thicknesses are shown in figure 21. The slot was located at the center of a 12- 
(30.48 cm) by 22-inch (55.88 cm) ground plane and the patterns were measured in the 
plane which includes the long dimension. However, the edge effect still perturbs the 
pattern for one polarization more than for the other, and thus causes the ellipticity ratio 
to vary over the main beam of the pattern. This edge effect of the finite-size ground 
plane is seen in figure 20, for no dielectric cover, as a broadening of the beam as well 
as periodic fluctuations when the electric field is polarized parallel to the plane of inci- 
dence (horizontal). As observed in figure 21, these fluctuations in the horizontal polari- 
zation tend to be amplified when a dielectric sheet is placed over the slot; and, in addition, 
fluctuations are introduced into the vertical polarized pattern because of the unpolarized 
radiation from the scattering of the surface waves at the edges of the dielectric sheet. 
Verification of the fact that there is indeed energy being radiated from the edges is indi- 
cated by the agreement between the periodicity of the ripples and the periodicity of two 
point-source radiators located 11 inches apart and radiating with equal phase. 

The on-axis ellipticity ratio (at @ = 00) for this particular slot. was  about 1 dB for 
no dielectric cover. @ = Oo) varied with the thickness of the 
dielectric sheet with a maximum deviation from circular of about 5 dB. One observation 
that can be made from this limited set of patterns is that the ellipticity ratio tends to 
vary in the same manner as the power radiated as a function of dielectric thickness. The 
best ellipticity ratio occurs in the neighborhood of t = 0.6X, 
from circular polarization tend to occur approximately 0.25A, on either side of this 
thickness. No particular significance has been applied to this observation as yet, because 
of the very limited patterns available, but it is mentioned as a possible starting point for 
a more extensive study of the effects of dielectric thickness upon the ellipticity ratio. 

The ellipticity ratio (at 

and the worst deviations 
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CONCLUDING REMARKS 

The primary purpose of this experiment was to determine the design parameters 
of dielectric -covered cross  slots as a circularly polarized flush-mounted antenna for 
possible use in atmospheric reentry applications. It was found that the power radiated 
by the cross slot as well as its resonant frequency varied in a sinusoidal manner with 
changes in dielectric thickness. The power radiated and resonant frequency are  also a 
function of the dielectric constant. Theories are presented for the general resonant slot 
in a rectangular waveguide covered by a semi-infinite medium; these theories give mean 
power predictions within 20-percent accuracy when applied to cross  slots covered by a 
finite dielectric slab. 

It was found that an appreciable amount of energy is trapped inside the dielectric 
sheet, and thereby introduces surface wave modes which complicate the design problem. 
The ellipticity ratio, as well as the measured power radiated by the slot, is greatly 
affected by these surface waves and the finite-size ground plane. The on-axis ellipticity 
varied from 1 to 5 dB with changes in dielectric thickness. 
should include a detailed analysis of the surface wave effects. 

Future work in this  area 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., Marc'h 10, 1967, 
12 5 -22 -02 -02 -23. 
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Figure 2.- Electrode for burn ing cross slots i n  waveguides. L-66-5470 
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Figure 4.- Typical cross slot sample. L-67-1062 
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F igu re  20.- Measured far - f ie ld  power rad iat ion pat terns of a cross slot w i t h  no  d ie lect r ic  cover. 
I = 0.55 i n c h  (1.397 cm); x1  = 0.237 i n c h  (0.602 cm); f = 8.9 Gc/sec. 
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Figure 21.- Measured far-field power radiation patterns of a cross slot for several cover thicknesses. 
E = 2.57; 1 = 0.55 inch  11.397 cm); x1 = 0.237 inch  10.602 cm); f = 8.9 Gc/sec. 
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Figure 21.- Continued. 
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(d) t = 0.487 inch (1.237 cm); t/AE = 0.588. 
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